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AB Novel peptide motives targeting endocytosing receptors were isolated from 
phage display libraries of random peptides by 
recovering internalized phage from mammalian cells. The 

peptide-p resenting 

phage selected by internalization in HEp-2 and ECV304 human cells were 
taken up 1000- to 100,000-fold more efficiently than their parent 
libraries, and from 10 to 100 times faster than phage particles 
displaying integrin-binding peptides. A high degree of selectivity of 
phage uptake was observed in these cells: phage selected in ECV304 cells 
were internalized approximately 100-fold more efficiently in ECV304 cells 
than in HEp-2 cells. Likewise, phage selected in HEp-2 cells were 
subsequently taken up approximately 40-fold more efficiently by HEp-2 
cells than by ECV304 cells. In multiple independent trials using a cyclic 
peptide library, an identical peptide sequence displayed on 
phage was internalized by and recovered from ECV304 cells. These findings 
indicate that the internalization process is highly selective, and is 
capable of capturing a specific peptide from 2 x 10(7) peptide variants. 
Immunofluorescence microscopy showed juxtanuclear localization of 
internalized phage. These results demonstrate the feasibility of using 
multivalent phage -display libraries 

to identify new targeting ligands for the intracellular delivery of 
macromolecules . 
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AB Random peptide libraries are displayed on filamentous 

bacteriophage as fusions to either the minor coat protein, pill, or the 
major coat protein, pVIII. We have devised a means of isolating the 
peptide displayed on a phage clone by transferring it to the N-terminus 

of 

the maltose-binding protein (MBP) of Escherichia coli encoded by malE. 
Transfer of a peptide sequence to monomeric MBP eliminates phage-encoded 
amino acids downstream of the insert peptide as well as avidity effects 
caused by multivalent display on phage. Peptide :MBP 

fusions are also easily affinity purified on amylose columns. The pMal-p2 
vector was engineered to accept phage DNA encoding pill- and 
pVIII-displayed peptides fused to their respective leader sequences. Both 
types of leader sequence were shown to target the peptide: MBP fusions to 
the periplasm of E. coli. A streamlined procedure for transferring 
peptides to MBP was applied to clones that had been isolated from a panel 
of pVIII-displayed peptide libraries by screening with an 
HIV-l-specific monoclonal antibody (Ab) . By enzyme-linked immunosorbent 
assay, the Ab bound each of the peptide :MBP fusions and required the 
presence of a disulfide bridge within each peptide. Some of the 
peptide :MBP fusions were also analyzed using surface plasmon resonance. 
Thus, our study shows the value of malE fusion vectors in characterizing 
phage-displayed peptides. Copyright 1998 Academic Press. 
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AB Several strategies were investigated for phage display 

of anti-carbohydrate single-chain Fvs (scFvs) using the anti-Salmonella 

Sel55-4 scFv as a model system. All were based on the knowledge that 

panning V(H) CDR libraries displayed in a standard pill 

phagemid/helper phage format against immobilized 

multivalent carbohydrate antigens selects almost solely for 

mutants with higher yields of soluble product or scFvs that form dimers 

or 

higher oligomers even when the linker length is chosen to give monomeric 
molecules. Construction of scFv libraries/ in a phagemid vector, 
with mutations that already provide Higher yields and/or short linkers to 
promote dimeric display greatly reduced these undesired selection 
pressures. However, the panning of an error-prone library of the 
entire scFv in a short linker format yielded two mutants that existed 
partially in higher oligomeric forms, indicating that dimeric display did 
not entirely eliminate the selection pressure problem. In one mutant a 
Ser75Gly mutation led to the formation of greater amounts of dimeric, 
trimeric and tetrameric scFv and surface plasmon resonance analysis of 
these different forms gave quantitative data for the functional affinity 
of these different scFv forms. Finally, a phage vector was constructed 

and 

the original V(H) CDR library was transferred to this vector. 

This display format, in which scFv is displayed on all three to five 

copies of pill, seemed to be superior in terms of selection on the basis 

of binding site affinity and as a display mode for scFvs with low 

intrinsic affinity. While the use of the phage vector did not lead to the 

isolation of higher affinity binders from the library employed 

here, it did almost entirely remove the undesired selection pressures in 

that there was selection for the wild-type sequence. It is suggested that 

the multivalency of display provided by phage vectors is preferable to 

any 

phagemid vector strategy for the de novo isolation of anti-carbohydrate 
antibodies from phage libraries. 
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AB A library of 2 X 107 random octapeptides was constructed by use 
of phagemid-based monovalent phage display system. The 

randomly synthesized degenerated oligodeoxyribonucleotides (oligos) were 
fused to the truncated g III (p230-P403) . Sequence analysis of 11 
randomly 

chosen clones suggested that the degenerated inserts and its deduced 

amino 

acid (as) sequences are randomly distributed. The library was 

used to select binding peptides to the monoclonal antibody (rnAb) 9E10, 

which recognizes a continuous decapeptide epitope of denatured human 

c-myc 

protein. After four to five rounds of panning, most of the eluted clones 
could bind to 9E10. Sequence analysis of the selected positive clones 
indicated that the binding sequences could fall into two classes, one 
class (clone 1) shares a consensus motif, ISE XXL, with c-myc 
decapeptide; and the sequences of the other class are entirely different. 
The binding of both classes to 9E10 could be specifically inhibited by * 
free c-myc decapeptide. The immunogenicity of the phage peptide was 
further investigated by construction of multivalent displayed 
phage peptides and immunization of animals with or without 
adjuvant. ELISA and competitive ELISA showed that anti-serum from both 
mice and rabbit immunized with either clone could bind to the original 
antigen, c-myc decapeptide. These results denote that in spite of the 
dissimilarity of the selected peptides with c-myc decapeptide they are 
capable of inducing similar immune response in vivo, thus actually 
mimicking the antigen epitope. 
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receptor-antigen interactions. 
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AB The process of T cell recognition involves a complex set of interactions 
between the various components of the TCR/MHC/peptide trimolecular 
complex. We have developed a system for exploring the specific binding 
interactions contributed by the constituent subunits of TCR complexes for 
components of their ligands. We utilized an M13 phage 
display system, designed for multivalent receptor display, to 
explore specific binding interactions between various TCR alpha chains 

and 

specific antigen in the absence of MHC. The multivalent TCR- 

phage display system was sensitive enough to reveal some 

TCR alpha chains capable of binding directly to antigen with the same 

fine 

specificity shown by the MHC-restricted T cells from which the alpha 
chains were derived. Cross-specificity analysis using two antigen-binding 
TCR alpha chains derived from T cells with different polypeptide antigen 
specificities confirmed the fidelity of this binding. In mixtures of 
antigen-binding and non-binding TCR alpha-displaying phage, specific 
selection was achieved at a starting frequency of 1/1000, suggesting that 
this system can be employed for selection and analysis of TCR-displaying 
phage libraries. While the binding specificities exhibited by 
these TCRs are unusual, they provide a novel perspective from which to 
study the specific binding interactions that constitute TCR antigen 
binding. 
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TI In vitro selection and affinity maturation of antibodies from a naive 

combinatorial immunoglobulin library. 
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AB We have used a combinatorial immunoglobulin library approach to 
obtain monoclonal antibodies from nonimmune adult mice, thereby 
establishing the principles of (i) accessing naive combinatorial antibody 
libraries for predetermined specificities and (ii) increasing the 
affinity of the selected antibody binding sites by random mutagenesis. A 
combinatorial Fab library expressing immunoglobulin mu and kappa 
light-chain fragments on the surface of filamentous phage was prepared 
from bone marrow of nonimmunized, adult BALB/c mice with the 
multivalent display vector pComb8. Phage displaying low 
affinity Fabs (binding constants, 10 (4) -10 (5) M-l) binding to a 
progesterone-bovine serum albumin conjugate were isolated from the 
library. Random mutagenesis of the heavy- and light-chain variable 
regions expressed in the mono-valent phage display 

vector pComb3 was performed by error-prone PCR, and subsequently clones 
with improved affinity for the hapten conjugate were selected. We 
demonstrate that antibodies with desirable characteristics from a 
nonimmune source may be selected and affinity maturation may be achieved 
by using the twin vectors pComb8 and pComb3, thus opening the route to 
obtaining specific antibodies from a generic library and 
bypassing immunization . 
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this paper, we describe the successful utilization of a new strategy of 
"preadsorption" panning that allowed us to clone a rare human monoclonal 
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procedure is easy, fast, inexpensive, can be used together with other 
panning techniques and can be particularly useful in cloning antibodies 
against rare or unknown determinants. 
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AB A large naive human single-chain (sc) Fv phage library was used to search 
for tumor-associated antigens by panning with a lung adenocarcinoma cell 
line, 1264, and counter-selecting with a nontumor bronchial epithelial 
cell line, BEAS-2B. After three rounds of subtractive panning, 239 of 673 
clones analyzed bound selectively to 1264 tumor cells in a phage ELISA. 
Diversity analysis of these tumor-selective clones by BstNI 
finger-printing and nucleotide sequencing revealed 14 distinct scFv 
fragments. Four clones bound selectively to 1264 over BEAS-2B cells when 
analyzed by a more discriminating flow cytometric assay using scFv. 
Moreover, these clones showed only limited cross-reactivity to several 
primary human cell lines. One clone, LU30, also cross-reacted strongly 
with the lung adenocarcinoma line, A549. The LU30 antigen was identified 
as decay-accelerating factor (CD55) by expression cloning from a 1264 

cDNA 

library. The mean number of decay-accelerating factor molecules on the 
surface of 1264 and BEAS cells used for panning and counter-selection was 
estimated as 75,000 +- 5,000 and 13,000 +- 10,000, respectively. Thus, 
phage library panning combined with expression cloning permits 
identification of antibodies and their cognate antigens for proteins that 
are differentially expressed on the surface of distinct cell populations. 
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AB We report that prokaryotic viruses can be re-engineered to infect 

eukaryotic cells resulting in expression of a reporter gene inserted into 
the bacteriophage genome. Phage capable of binding mammalian cells 
expressing the growth factor receptor ErbB2 and undergoing 
receptor-mediated endocytosis were isolated by selection of a 
phage antibody library on breast tumor cells 

and recovery of infectious phage from within the cell. As determined by 
immunofluorescence, F5 phage were efficiently endocytosed into 100% of 
ErbB2 expressing SKBR3 cells. To achieve reporter gene expression, F5 
phage were engineered to package the green fluorescent protein (GFP) 
reporter gene driven by the CMV promoter. These phage when applied to 
cells underwent ErbB2-mediated endocytosis leading to GFP expression. GFP 
expression occurred only in cells overexpressing ErbB2, was 
dose-dependent 

reaching, 4% of cells after 60 hours and was detected with phage titers 

as 

low as 2.0 X 107 cfu/ml (500 phage/cell) . The results demonstrate that 
bacterial viruses displaying the appropriate antibody can bind to 
mammalian receptors and utilize the endocytic pathway to infect 
eukaryotic 

cells, resulting in expression of a reporter gene inserted into the viral 
genome. This represents a novel method to discover targeting molecules 
capable of delivering a gene intracellularly into the correct trafficking 
pathway for gene expression by directly screening phage antibodies. This 
should significantly facilitate the identification of appropriate targets 
and targeting molecules for gene therapy or other applications where 
delivery into the cytosol is required. This approach can be adapted to 
directly select, rather than screen, phage antibodies for targeted gene 
expression. The results also demonstrate the potential of phage 
antibodies 

as an in vitro or in vivo targeted gene delivery vehicle. 
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